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Abstract 
 
 
Reservoir fluids are mixtures of various hydrocarbon fractions. Hydrocarbon mixture viscosities are traditionally 
estimated using empirical correlations. While these are easy to formulate and edit, they are only limited to the 
regions in which experimental data are available. With an increase in our understanding of the physical origins of 
viscosity, work is being undertaken to develop theoretical models to estimate hydrocarbon mixture viscosity. 
Although more difficult to formulate, such models enable accurate estimation of the viscosities of petroleum 
mixtures in regions where no experimental data exist. 
De Wijn et al. (2008 & 2012) had proposed an improved model to predict viscosity of binary mixtures of 
hydrocarbon chain molecules using the Vesovic-Wakeham (VW) method. Since petroleum fluids consist not only 
of chain molecules, this work aimed to explore the application of the VW method to binary mixtures of chain and 
cyclic (cyclohexane) molecules. Results from this method are presented for binary mixtures of c-hexane with n-
hexane, n-heptane, n-octane, n-nonane, n-decane, n-dodecane, n-tetradecane  and n-hexadecane at 
temperatures from 298.15 to 348.15 K and pressures from 0.1 to 200 MPa. These indicate that the VW method is 
capable of representing the viscosity of mixtures of n-alkanes and c-hexane with reasonable accuracy, although 
certain trends and sensitivities can be observed. 
Additionally, a new correlation for c-hexane which was developed using data from 22 primary authors and is valid 
in the range of 283 to 700 K and saturation to 200 MPa, is proposed in this work. For the set of authors chosen as 
primary data, the Maximum Absolute Deviation (MAD) was 2.40% for 280-500 K up to 200 MPa and 4.64% for 
500-673 K up to 110 MPa. The results, presented in the paper, suggest considerable improvement over the 
correlation currently available in REFPROP. 
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Abstract 
Reservoir fluids are mixtures of various hydrocarbon fractions. Hydrocarbon mixture viscosities are traditionally estimated 
using empirical correlations. While these are easy to formulate and edit, they are only limited to the regions in which 
experimental data are available. With an increase in our understanding of the physical origins of viscosity, work is being 
undertaken to develop theoretical models to estimate hydrocarbon mixture viscosity. Although more difficult to formulate, 
such models enable accurate estimation of the viscosities of petroleum mixtures in regions where no experimental data exist. 
De Wijn et al. (2008 & 2012) had proposed an improved model to predict viscosity of binary mixtures of hydrocarbon 
chain molecules using the Vesovic-Wakeham (VW) method. Since petroleum fluids consist not only of chain molecules, this 
work aimed to explore the application of the VW method to binary mixtures of chain and cyclic (cyclohexane) molecules. 
Results from this method are presented for binary mixtures of cyclohexane (c-C6) with n-hexane (n-C6), n-heptane (n-C7), n-
octane (n-C8), n-nonane (n-C9),  n-decane (n-C10), n-dodecane (n-C12), n-tetradecane (n-C14)  and n-hexadecane (n-C16) at 
temperatures from 298.15 to 348.15 K and pressures from 0.1 to 200 MPa. These indicate that the VW method is capable of 
representing the viscosity of mixtures of n-alkanes and c-C6 with reasonable accuracy, although certain trends and sensitivities 
can be observed. 
Additionally, a new correlation for c-C6 which was developed using data from 22 primary authors and is valid in the range 
of 283 to 700 K and saturation to 200 MPa, is proposed in this work. For the set of authors chosen as primary data, the 
Maximum Absolute Deviation (MAD) was 2.40% for 280-500 K up to 200 MPa and 4.64% for 500-673 K up to 110 MPa. 
The results, presented in the paper, suggest considerable improvement over the correlation currently available in REFPROP. 
 
Introduction 
Knowledge of viscosity is essential for reliable reservoir characterisation and simulation and hence for effective and efficient 
exploitation of oil and gas fields. The increasing depth at which petroleum reserves are being located and exploited demands 
knowledge of physical properties at temperatures and pressures considerably higher than those that have been well studied 
experimentally. Routine reservoir characterization studies associate most uncertainty to the spatial distribution of rock 
properties and assume minimal uncertainty in fluid properties. Hernandez et al. (2002) reported that most predictive methods 
for oil viscosity used in numerical reservoir simulators can be in error of 10-20% for light oils and an order of magnitude off 
for heavy oils. This can result in reserve estimates that can have an error of up to 10%. Accurate knowledge of viscosity 
becomes increasingly important in considering production of heavy oil and bitumen as in many cases the viscosity decreases 
rapidly with increasing temperature and with increasing concentrations of light components. Mago et al. (2005) demonstrated 
that the simulated production was drastically impacted when using improper viscosity models to describe oil viscosity in 
cyclic steam stimulation (CSS) for highly viscous oil. Other Enhanced oil Recovery (EOR) techniques such as Steam-Assisted 
Gravity Drainage (SAGD) and Vapor Extraction (VAPEX) that rely on lowering the oil viscosity also require accurate 
knowledge of oil and oil/solvent viscosities. Viscosity is of paramount importance when it comes to transporting petroleum 
fluids in pipelines across hundreds of miles. Degiorgis et al. (2001) demonstrated that using the viscosity models currently 
available in numerical pipeline simulators, errors in pressure drop along a length of pipe can be up to 10% for light oils and up 
to 300% for highly viscous oils. A high degree of accuracy in predicting crude oil viscosity is also required for pipeline safety 
during transportation, as viscosity is a major factor affecting wax deposition along the crude oil pipeline (Obanijesu and 
Omidiora, 2008).  
There are 2 methods of predicting mixture viscosity that are employed in the oil industry today. The more common one is 
the use of empirical correlations, fitted to a set of experimental data, to predict mixture viscosity. Although easy and quick to 
formulate, correlations from this method are applicable only in the range where experimental data are available and their 
application to regions without experimental data is at the least, unreliable. Another drawback in such an approach is that the 
wide range of possible fluids and their mixtures and of conditions of interest precludes obtaining all the relevant data by 
experimental/empirical means alone. 
The other method is to develop a quantitative theoretical explanation of viscosity. Viscosity has a molecular origin, and it 
is highly dependent on the molecular interaction. Therefore, an understanding of molecular dynamics is essential when 
developing theoretical models to predict mixture viscosity. However, the nature of viscosity and the complexity of petroleum 
mixtures make viscosity one of the most difficult properties to estimate, especially for dense petroleum fluids. Although more 
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difficult to formulate, requiring more effort and resources, since they have a theoretical basis, once developed, they are much 
more robust and reliable in regions where no experimental data exist. They thus also reduce our dependence on measuring 
mixture viscosities experimentally.  
Vesovic and Wakeham (1989) proposed the first reliable and consistent scheme (VW-spheres) based on the rigid sphere 
theory of dense gases of Enskog (1922) to estimate the viscosity of a dense gas mixture. The scheme was based on earlier 
works by Thorne (published by Chapman and Cowling, 1952), Tham and Gubbins (1971), di Pippo et al. (1977) and Sandler 
and Fiszdon (1979) and showed improved predictive capabilities compared to earlier methods. Since the molecules were being 
modelled as rigid spheres, the scheme still had limited success in predicting viscosities of mixtures involving large chain 
molecules.  
Recently, de Wijn et al. (2008) proposed to represent chain molecules as chains of equally-sized, tangentially jointed rigid 
spheres (segments). Assumptions in this method (VW-chains) that the collision dynamics in such a fluid can be approximated 
by instantaneous collisions between two rigid spheres belonging to different chains make it analogous to Enskog’s theory of 
hard spheres. De Wijn et al. (2012) then extended this new approach to mixtures of chain molecules and reported MAD of 
3.5% for n-C8 + n-C12 binary mixture concluding that the newly developed VW-chain method is capable of accurately 
representing the viscosity of real liquid mixtures. 
Since real petroleum fluids consist of many fractions that are not chains, it is essential to ascertain if such a model would 
apply to mixtures of chains with other molecules. The objective of this work is to explore the use of the VW-method for binary 
mixtures of c-C6 and n-alkanes. While chain molecules (n-alkanes) are represented as chains of tangentially bound equally 
sized rigid spheres, the cyclic molecule is represented as a rigid sphere. The objective is to tests how accurate such a 
representation for a cyclohexane molecule is and how the mixing rule behaves as the size of the chain molecule is 
progressively increased from n-C6 to n-C16. The effect of the choice of reference state to calculate the pure species parameters 
is studied along with different mixing rules for the radial distribution function, temperatures and pressures.  
 
Theory and Methodology 
 
Theoretical Representation of Viscosity 
The shear viscosity, η, of a pure fluid consisting of rigid spheres of diameter σ is given by Enskog’s expression (Chapman 
and Cowling, 1952): 
    (
 
 
    
 
 
     )                                                                                              
where ρ is the molar density, η0 is the zero-density viscosity and β is a constant (1/4 + 3/π)
-1, χ is the radial distribution 
function and contact and α is a parameter proportional to the excluded volume per molecule: 
  
 
  
    
  
 
 
                                                                                                     
where NA is the Avogadro’s constant. 
For non-spherical molecules, the molecules were modeled as chains of tangentially-bonded equally-sized hard spherical 
segments. With this approach, the viscosity of a fluid consisting of C chains, each made up of m segments can be 
approximated in the dense region by that of a fluid consisting of mC hard spheres. This fluid is referred to as segment fluid (de 
Wijn et al. 2008). For such a fluid, Eq. (1) is written as: 
   ̃ (
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where the quantities (indicated by the tilde) are defined on a per segment basis as: 
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where  ̃        is the excluded volume of the free segment. For m=1, this fluid behaves like a hard sphere fluid. 
For a mixture of such segment fluids, consisting of N components, the viscosity is given, following the Enskog-Thorne 
approach, by (de Wijn et al. 2012): 
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Where  ̃   ∑       is the segment density,   is the mole fraction of component i,  ̃      (∑      )⁄  is the segment 
fraction of component i,  ̃     and    
 are the segment interaction viscosity and ratio of collision integrals (Maitland et al., 
1981), respectively for the i-j pair in the zero-density limit,  ̃   is the excluded volume of a segment of a chain of species i in 
the presence of a segment of a chain of species j and  ̃   represents the segment-segment radial distribution function at contact 
for the species i in the presence of species j in the mixture.  
 
Empirical Representation of Viscosity 
One limitation of the theoretical models based on Enskog’s theory is that they are unable to predict mixture viscosities 
without prior knowledge of pure species viscosity. It is therefore common practice to represent viscosity of pure species using 
empirically developed correlations. These correlations, although not as robust in their use as purely theoretical representations, 
are easy to formulate and adjust to give accurate predictions of viscosity. Their applicability is however limited to regions with 
available experimental data and care must therefore be exercised when applying them. 
 
n-alkane 
Table 1 lists the correlations that were used to predict viscosities for pure n-alkanes.  
 
Table 1 Correlations used for Viscosity predictions of n-alkanes 
Component Reference Temp. 
Range 
(K) 
Press. 
Range 
   (MPa) 
Uncertainty 
       (%) 
n-hexane REFPROP V. 9 177.83 – 600 0.1 – 100 4 
n-heptane REFPROP V. 9 182.55 – 600 0.1 – 100 2 
n-octane Huber et al. (2005) 283 – 687 0.1 – 200 2 
n-nonane Huber et al. (2005) 273 – 463 0.1 – 69 5 
n-decane Huber et al. (2005) 283 – 709 0.1 – 200 5 
n-dodecane Huber et al. (2004) 263.59 – 800 0.1 – 200 3 
n-tetradecane Assael et al. (1992) 275 – 375  0.1 5 
n-hexadecane Assael et al. (1992) 275 – 375 0.1 – 270 5 
 
Cyclohexane  
To predict the viscosity of pure c-C6, the correlation proposed by Jusoh (2012) was initially used. However, it was 
discovered that the correlation did not interpolate well in the 2-phase region and predicted negative values of viscosity. Since 
evaluating pure c-C6 properties in the reference state of the mixture would often require estimating psuedo properties in this 
region, it could not be used in the VW method. The correlation was subsequently modified to remove these deficiencies. 
According to Millat et al. (2005), viscosity can be expressed as the sum of three contributions, namely the zero-density 
limit viscosity,      , the excess viscosity,         which accounts for the increase in the viscosity at elevated densities and 
the critical enhancement,        which represents the increase in viscosity in the immediate vicinity of the vapour-liquid 
critical point. Since there are no data available around the critical region due to experimental difficulties to measure viscosities 
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in that region and the critical enhancement is restricted to a region very close to the critical point (Olchowy and Sengers, 
1988), it has been set to zero in this work.  
                                                                                                                        
The excess viscosity term,         is further decomposed as linear-in-density term,        and higher density terms 
         (Vogel et al., 1998). The primary dataset used in this development was the same as the one recommended by Jusoh 
(2012). Additional data were however gathered to make sure the data are exhaustive.  
 
Evaluation of pure species properties 
Effective pure species properties were obtained by inverting Eq. (3) in quadratic form (Vesovic and Wakeham, 1989) 
 ̃ 
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[(
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]                                                             
To ensure a realistic behavior of χ, it is necessary to switch from the  ̃ 
  branch to the  ̃ 
  branch of the solution at some 
particular density,  ̃ 
      
 . The switch over density can be obtained from the solution of (Sandler and Fiszdon, 1979): 
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This ensures a unique value of parameter  ̃  for every isotherm using the equation: 
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De Wijn et al. (2012) proposed to calculate pure species parameters at the same reduced density as the mixture for chain 
molecules. Evaluating pure species properties at the reduced density of the mixture required properties of the n-alkane species 
at unrealistically high densities, where either the pure n-alkane is solid or no viscosity correlations are applicable resulting in 
negative values of viscosity. Other choices of reference states, including same molar density, same packing fraction, same 
reduced density & temperature and same excluded volume, all suffered from similar deficiencies and either required pure n-
alkane properties at unrealistically high densities, predicted negative viscosities for pure n-alkane or both. The only choice that 
seemed to behave realistically and predict reasonable values of pure n-alkane viscosity for the entire range of experimental 
data available,  was to evaluate pure species properties at the same mass density as that of the mixture. This method was 
therefore adopted for this work. 
  
Estimation of mixture interaction parameters 
Mixture interaction parameters ( ̃  ,  ̃  ,  ̃    ) in Eq. (7) - (11) are obtained from pure species parameters by employing the 
approach proposed by de Wijn et al. (2008) and de Wijn et al. (2012). The effective mutual excluded volume,  ̃  , is given by 
the expression which is an extension of Eq. (5): 
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For the estimation of the radial distribution function for the mixture,  ̃  ,  the method of SAFT-HS used by de Wijn et al. 
(2012) and originally proposed by Chapman et al. (1988), is used. The resulting expression is of the form: 
 ̃    ̃     ( ̃        ̃ )                                                                                         
where the expressions for  ̃     ,  ̃     and    ̃  can be found in de Wijn et al. (2012). 
There are various mixing rules that can be used to evaluate  ̃  . For a description of these mixing rules the reader is referred 
to de Wijn et al. (2012) appendix. All the study was done using Ansatz 5; however, a comparison for different mixing rules 
was performed and is presented in the results and discussion section. 
The interaction viscosity in the zero density limit,  ̃    , is given by (de Wijn et al., 2012):   
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 ̃           ̃                                                                                                        
where  ̃     is given by the same expression as the one used in Eq. (19) but calculated using the parameter values obtained 
from the excluded volume (     and    ) instead of those obtained from collisional dynamics (     and    ).  
Table 2 Experimental Data for Mixture Viscosity 
Reference Method
(a) Temp. Press. 
Phase
(b) No. of 
points 
MAD (c-C6) MAD (n-Cn) 
(K) (MPa) (%) (%) 
c-C6 + n-C6  
Shukla et al. (2008)
(d)
 C 298.15 0.1 L 12 1.15 0.95 
Iloukhani et al. (2005)
(d)
 C 298.15 0.1 L 12 0.61 0.33 
Tripathi (2005)
(b)
 C 298.15 0.1 L 15 0.89 0.51 
Oswal et al. (2003) C 303.15 0.1 L 11 1.09 1.28 
Aminabhavi et al. (1996) C 298.15-308.15 0.1 L 33 1.50 0.75 
Pandey et al. (1994) C 298.15 0.1 L 15 0.15 0.49 
Awwad and Salman (1986) C 298.15 0.1 L 14 1.38 4.45 
Wei and Rowley (1984) C 298.15 0.1 L 8 0.22 2.07 
Ridgeway and Butler (1967) C 298.15 0.1 L 8 2.84 1.78 
Lutskii et al. (1961)
(d)
 U 298.15 0.1 L 7 6.47 4.99 
Isdale et al. (1979)
(c)
 FB 298.15-373.15 0.1 - 500 L 120 3.05 3.37 
c-C6 + n-C7 
Al Gherwi et al. (2006) C 308.15, 313.15 0.1 L 22 0.78 0.54 
Oswal et al. (2003) C 303.15 0.1 L 11 1.04 2.08 
Aminabhavi et al. (1996) C 298.15-308.15 0.1 L 33 1.50 1.66 
Pandey et al. (1994) C 298.15 0.1 L 15 0.15 0.65 
Papaioannou et al. (1991) C 303.15 0.1 L 12 2.17 0.30 
Awwad and Salman (1986) C 298.15 0.1 L 14 1.38 3.41 
c-C6 + n-C8 
Al Gherwi et al. (2006) C 308.15, 313.15 0.1 L 22 0.78 0.12 
Oswal et al. (2003) C 303.15 0.1 L 9 1.04 0.54 
Aminabhavi et al. (1996) C 298.15-308.15 0.1 L 33 1.50 1.66 
Tanaka et al. (1991) TVC 298.15-348.15 0.1 - 163 L 157 2.22 2.33 
Awwad and Salman (1986) C 298.15 0.1 L 14 1.38 1.69 
c-C6 + n-C9 
Aminabhavi et al. (1996) C 298.15-308.15 0.1 L 33 1.50 0.98 
Awwad and Salman (1986) C 298.15 0.1 L 14 1.38 1.69 
c-C6 + n-C10 
Shukla et al. (2008)
(d)
 C 298.15 0.1 L 10 1.15 1.66 
Aminabhavi et al. (1996) C 298.15-308.15 0.1 L 33 1.50 0.37 
Awwad and Salman (1986) C 298.15 0.1 L 14 1.38 0.32 
c-C6 + n-C12 
Tanaka et al. (1991) TVC 298.15-348.15 0.1 - 200 L 114 2.22 4.28 
Knapstad et al. (1991) O 288-338 0.1 L 33 0.95 1.42 
Awwad and Salman (1986) C 298.15 0.1 L 14 1.38 0.63 
c-C6 + n-C14 
Awwad and Salman (1986)
(e) 
C 298.15 0.1 L 14 2.23 2.78 
c-C6 + n-C16 
Rajagopal et al. (2009)
 (d)
 FB 318.15-413.15 69 - 620 L 324 11.45 5.10 
Tanaka et al. (1991) TVC 298.15-348.15 0.1 - 180 L 72 2.22 5.14 
Chevalier et al. (1990) C 298.15 0.1 L 5 0.28 2.93 
Awwad and Salman (1986) C 298.15 0.1 L 14 1.38 - 
(a)
 C: Capillary; FB: Falling Body; U: Unknown; TVC: Torsionally Vibrating Crystal 
(b)
 L: Liquid 
(c)
 Measured density only for 298.15K and 348.15K 
(d)
 Data excluded after examination 
(e)
 Density data from Aminabhavi et al. (1996) 
 
 
  
    
 
Experimental Data for mixture viscosity 
For the development of the correlation for c-C6, the primary data set was the same as the one recommended by Jusoh 
(2012). The data are not discussed here for brevity and the reader is referred to Jusoh (2012) for a discussion on the quality and 
range of data. 
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Data for binary mixtures of c-C6 with n-C6, n- C7, n- C8, n- C9, n- C10, n- C12, n- C14 and n- C16 were collected for analysis. 
Many authors had not reported density measurements along with viscosity. It therefore was not possible to predict mixture 
viscosities for these authors as density serves as an input to the VW method. Densities for these datasets were generated using 
equation of state available in REFPROP V.9. However, the high sensitivity of the predicted mixture viscosity to the density 
(discussed in the results section) precluded the use of viscosity predictions using generated densities in drawing any 
conclusions. The list of data along with the measurement technique, temperature and pressure range is given in Table 2. 
Authors which measured experimental density values are shown in bold. For Rajagopal et al. (2009) the measured density 
values have been published by Amorim et al. (2007). No author had reported both density and viscosity for the mixture of c-C6 
with n-C14. For data from Awwad and Salman (1986) however, Aminabhavi et al. (1996) had reported densities at the same 
temperature and pressure. Viscosities were estimated using the VW method for Aminabhavi et al. (1996) and then interpolated 
using a polynomial to compositions for which Awwad and Salman (1986) had reported viscosities for comparison.  
The experimental data were reported from 298.15 K to 348.15 K. Most data were at atmospheric pressure with only 3 
authors reporting high pressure data. Only data that lie within the range of validity of correlations for pure species was used, 
while the data that lie outside were not analyzed. The first check on the quality of the data was performed by observing the 
deviations of pure species from the correlations.  The accuracy of the c-C6 correlation used was ±4.6%. The results are 
presented in Table 2 and clearly Lutskii et al. (1961) and Rajagopal et al. (2009) exhibit large deviations. These 2 authors were 
therefore removed from further consideration. Further discussion on the quality and consistency of data is presented in the 
results section.  
 
Results and Discussion 
 
Empirical correlation for Cyclohexane 
Vogel et al. (1988) have measured high quality data for viscosity in dilute region for temperatures from 298 to 632 K and 
used it to estimate    by extrapolating to zero density for several isotherms. Although other authors systematically deviate 
from Vogel et al. (1988) in the dilute region, it was used as the only primary data due to the high accuracy of measurements. 
This decision was also supported by the fact that many other authors have relied on data from Vogel for accurate 
representation of viscosity in the dilute region. Hellmann et al. (2011) used data from Vogel (2011) and were able to reproduce 
the viscosity of hydrogen sulfide to within 0.1% over the entire temperature range of experimental data. Quinones-Cisneros et 
al. (2012) reproduced data from Strehlow and Vogel (1989) within 0.1-0.3% for sulfur hexafluoride. Schley et al. (2004) used 
Vogel’s data for pure nitrogen, propane, n-pentane, n-hexane and n-heptane in the prediction of natural gas viscosities.  
The zero density limit viscosity       was correlated to data from Vogel et al. (1988) using Eq. (20). 
      √  
(   
  
 
 
  
  
)
                                                                                                    
where T is the temperature in K, √  dependence is predicted by kinetic theory and the fitting parameters are given in Table 3.  
 
Table 3 Parameters for Eq (20) and Eq. (21) 
i Ai Bi Ci 
0 -0.1207 -364.9 39540 
1 5.096  -3387.212 347477.006 
 
To express the initial density dependence,      , the approach adopted by Jusoh (2012) using the universal correlation was 
found to predict the values quoted by Vogel et al. (1988) outside their uncertainties. An empirical approach, given by Eq. (21), 
was therefore adopted to represent      . Vargaftik (1972) and Scholz et al. (1981) have also measured data in dilute region, 
but their values were found systematically larger than those reported by Vogel et al. (1988) and were therefore removed from 
the primary dataset. Vargaftik (1972) has however reported viscosities at temperatures up to 873 K and it was therefore used 
subsequently only to validate the extrapolation of       to temperatures higher than 632 K.  
         
  
 
 
  
  
                                                                                          
where T is the temperature in K and the fitting parameters are given in Table 3. 
The higher density contribution term was expressed using the power series expansion in reduced density and reduced 
temperature given by Eq. (22). Density values were calculated using equation of state recently developed for REFPROP 
(private communication with Marcia Huber). Some data from Grachev et al. (1989) were found inconsistent with other authors 
in the liquid region for several isotherms. However, since it was the only data above 400 K, it was partially included in the 
primary dataset. The data from Grachev et al. (1989) used in the fitting included supercritical data and two subcritical 
isotherms i.e. 473.15 K and 523.15 K. This subset was chosen to provide enough data points to guide the correlation in the 
region where there was no other experimental data. 
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where       ⁄  is the reduced temperature is       ⁄  is the reduced density and the coefficients for fitting are given in 
Table 4. 
Table 4 Coefficients for Eq. (22) 
i Ai,0 Ai,1 
2.2 0 335.2340030 
2.5 7.84948030 -687.3976040 
2.8 0 362.08679930 
10 -10.47938560 2.55217740 
11 17.27349930 -5.93722420 
12 -10.61861490 4.39827810 
13 2.88949280 -1.34681740 
14 -0.29384910 0.14871340 
 
Some manual points were added to the dataset to guide correlation through the two-phase region at low temperatures (<300K) 
where no other data were available, so that a smooth behavior can be obtained.  
Using Eq. (20) and parameters from Table 3,    was fitted to within 0.12% of data reported by Vogel et al. (1988) (Figure 
1). Figure 2 shows the predictions of    from Jusoh (2012) using universal correlation and using Eq. (21). The choice of using 
an empirical form rather than the universal correlation can be clearly seen from the figure.  
 
Table 5 MAD for primary dataset for c-C6 using different correlations 
Reference 
MAD MADREFPROP MADJusoh 
(%) (%) (%) 
Biswas and Singha (2007) 0.43 1.36 0.60 
de Lorenzi et al. (1994) 0.33 0.61 0.01 
Dubey and Kumar, 2010 1.20 2.13 1.40 
Dymond and Young, 1981 0.90 3.35 2.20 
Fang et al. (2008) 1.31 2.97 1.30 
Gardas and Oswal (2008) 0.10 0.47 0.10 
Gascon et al. (2000) 0.59 0.35 0.40 
George and Sastry (2003) 1.05 1.69 1.20 
Ghael et al. (2009) 0.14 0.71 0.20 
Grachev et al. (1989) 4.64 15.77 3.60 
Iloukhani and Rezaei-Sameti (2005) 0.32 1.25 0.30 
Isdale et al. (1979) 2.41 14.91 2.00 
Kashiwagi and Makita (1982) 2.06 5.05 1.80 
Knapstad et al. (1991) 0.48 2.04 0.70 
Matsuo and Makita (1993) 1.72 2.48 2.10 
Oswal et al. (2004) 2.08 2.15 2.00 
Padua et al. (1996) 1.58 3.17 2.10 
Roy et al. (2009) 0.09 1.03 0.30 
Silva et al. (2009) 2.02 3.18 1.60 
Tanaka et al. (1991) 0.96 4.71 1.90 
Vogel et al. (1988) 0.36 2.60 1.50 
Yang et al. (2007) 2.03 2.29 2.70 
 
Deviations of predicted values of viscosity from primary and secondary data in the dilute gas region are shown in Figure 3 for 
temperature 273.15-873.15 K. Predictions agreed to within 0.4% of data of Vogel et al. (1988) which were the only primary 
data, while they agreed to within 4% for data of secondary authors. Predictions for the correlation in the dense region agreed 
with primary experimental data within 2.5% for temperature 283.15-500 K and pressures from saturation to 200 MPa. Data in 
the range of 500-673 K were only measured up to 110 MPa and exhibited MAD of 4.6%. The correlation was extrapolated to 
700 K and 200 MPa and it behaved smoothly over the entire range. It was therefore concluded that the correlation is valid up 
to 700 K and 200 MPa. For the secondary experimental data, deviations of up to 37% were observed in some cases. Figure 4 
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shows the deviations of predicted values of viscosity for selected primary data in the dense region. A comparison of MAD for 
the primary dataset using the new correlation, correlation in use by REFPROP and the correlation proposed by Jusoh (2012) is 
shown in Table 5. The new correlation offers improvement over both the other correlations for most of the primary authors.  
 
VW method for mixtures 
Before discussing and deriving conclusions from our results it was important to shortlist data that were consistent with 
each other and remove from further consideration data that did not agree with other authors or exhibited systematic errors. 
 
 
Figure 1 Deviations [   (
  
    
  
     )] of zero-density 
viscosity calculated using Eq. (20) from reported data of 
Vogel et al. (1988)  
 
Figure 2 Comparison of    predicted from (--) Eq. (21) 
and (…) Jusoh (2012) along with (▲) data of Vogel et al. 
(1988). 
 
Figure 3 Deviations [   (
     
    
  )] of viscosity calculated 
using Eq. (12) in dilute region from reported data of 
(+)Vogel et al. (1988), (●) Scholz et al. (1981), (Δ) Vargaftik 
(1972), (x) Titani (1933), (▲) Zhdanov & Lyusternik 
(1972), (◊) Nasini (1929), (○) Guseinov et al. (1973), (□) 
Craven & Lambart (1951) for Temperature from 273.15-
873.15 K. 
 
Figure 4 Deviations [   (
     
    
  )] of viscosity calculated 
using Eq. (12) in dense region from reported data of (Δ) 
Tanaka et al. (1991), (x) Padua et al. (1996), (□) Matsuo & 
Makita (1993), (+) Kashiwagi & Makita (1982), (○) Isdale 
et al. (1979), (◊) Dymond & Young (1981) for Temperature 
from 283.15-393.15 K and Pressure from saturation to 200 
MPa. 
 
Observing the results for the mixture of c-C6 with n-C6 (Figure 5), one clear inconsistency was observed for Shukla et al. 
(2008). Notwithstanding the one point from Shukla et al. (2005) that shows very large deviations, while all the authors 
deviated from the predicted value within 5% for composition of c-C6 above 0.5, Shukla et al. (2008) exhibited much higher 
deviations. Aminabhavi et al. (1996), Isdale et al. (1979) and Wei and Rowley (1984) exhibited very similar trends in 
deviations, but those of Tripathi (2005) and Iloukhani et al. (2005) differed over the entire range of composition. Since these 2 
authors do not agree with each other as well in their deviation trends, it was concluded that the only consistent data for this 
mixture included those from Aminabhavi et al. (1996), Isdale et al. (1979) and Wei and Rowley (1984). 
For the mixture of c-C6 with n-C10 (Figure 6), it was observed again that Aminabhavi et al. (1996) and Shukla et al. (2008) 
did not agree with each other. Since Shukla et al. (2008) had already been removed from the primary dataset for the mixture of 
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c-C6 with n-C6, and Aminabhavi et al. (1996) exhibited much lower deviations for this mixture, it was decided to move Shukla 
et al. (2008) to the secondary dataset for this mixture as well. 
 
 
Figure 5 Deviations [   (
     
    
  )] of predicted viscosity 
using VW method from the data of (□) Tripathi (2005), (◊) 
Shukla et al. (2008), (Δ) Iloukhani et al. (2005), (○) Wei & 
Rowley (1984), (+) Aminabhvi et al. (1996), (●) Isdale et al. 
(1979) for a mixture of c-C6 with n-C6 at 298.15 K and 0.1 
MPa  
 
Figure 6 Deviations [   (
     
    
  )] of predicted viscosity 
using VW method from the data of (Δ) Aminabhai et al. 
(1996), (□) Shukla et al. (2008) for a mixture of c-C6 with 
n-C10 at 298.15 K and 0.1 MPa  
 
Effect of Mixture Composition and Chain Length on viscosity predictions 
Results from the VW method showed clear dependence on the composition of the mixture. Distinct maximum/minimum 
could be observed when deviations between the predicted and experimental values were plotted with respect to the mixture 
composition and the value of the maximum/minimum varies with the chain length of the n-alkane. Deviations were calculated 
using Eq. (23), so an overestimation in the prediction would give a positive deviation and vice versa. 
              (
     
    
  )                                                                                         
For the mixture of c-C6 with n-C6 (Figure 7), the deviations were skewed towards compositions leaner in c-C6 and the 
minimum occurred around xcyclohexane = 0.30. As the length of the n-alkane was increased to n-C7, a minimum and a maximum 
were observed. The maximum was observed around xcyclohexane = 0.30, while the minimum occurred around xcyclohexane = 0.75. 
As the chain length was further increased from n-C8 up to n-C12, only a minimum was observed around xcyclohexane = 0.75 as the 
deviations were skewed to compositions richer in c-C6. Another change in trend occurred at the mixture of c-C6 with n-C14, 
where again a maximum at compositions leaner in c-C6 and a minimum at compositions richer in c-C6 was observed. As the 
length of the chain alkane is further increased to n=16, the deviations exhibited a maximum at xcyclohexane = 0.50. These 
observations showed that for smaller lengths of the n-alkane, the predictions from the VW method are underestimated, with 
the maximum underestimation for compositions leaner in c-C6. As the length of the n-alkane is progressively increased to 
n=12, the predictions are still underestimated, but the maximum underestimation occurs at compositions richer in c-C6. The 
shift of the underestimation from mixtures leaner in c-C6 to those richer in c-C6 seems to occur at n=7. The other shift from 
underestimation of mixture viscosity to overestimation using the VW method occurs at n=14. Since the study was limited to 
n=16, it could not be ascertained if this overestimation would continue for larger chain molecules or not. Similarly, since the 
study was only conducted for c-C6, it cannot be ascertained at this point whether other cyclic molecules will also exhibit 
similar behavior.  
The values of the maximum and/or the minimum seemed to depend on the chain length of the n-alkane. For mixtures at 
298.15 K and 0.1 MPa, the maximum deviation decreased from the mixture with n-C6 to the mixture with n-C7 where the 
switch in deviations from being skewed towards compositions of mixtures leaner in c-C6 to those richer in c-C6 occurs, and 
then increased again for mixtures with n-C8, n-C9, n-C10 and n-C12. The maximum deviations for all these mixtures lie within 
the experimental uncertainty of each other and therefore, it appeared that the deviations between experimental and predicted 
viscosities for mixtures with n-C8, n-C9, n-C10 and n-C12 were not (or only weakly) dependent on the chain length. The 
maximum deviation again decreased for n-C14 where another switch from underestimation of mixture viscosity to 
overestimation of mixture viscosity occurred. The next increment in chain length to n=16 again increased the maximum 
deviation. Again, since the study was limited to n=16, it could not be ascertained how this deviation would behave for even 
larger chain molecule.  
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When observing the prediction from the VW method for data from Aminabhavi et al. (1996) for a mixture of c-C6 with n- 
C10, it was discovered that the predictions did not behave smoothly over the entire range of compositions (shown by the solid 
line in Figure 8). The use of density values from Goates et al. (1979) resulted in a smooth trend in viscosity with respect to the 
mixture composition (dotted line in Figure 8) It was concluded that the cause was most likely the errors in density 
measurements of Aminabhavi et al. (1996). Since the overall trend was similar however, it was also concluded that 
Aminabhavi et al. (1996) can be used to draw conclusions for the mixture of c-C6 with n- C10. 
 
 
Figure 7 Deviations [   (
     
    
  )] of viscosity calculated 
using VW method from experimental viscosity of 
Aminabhavi et al. (1996) for mixtures of c-C6 with (□)n-C6, 
(◊) n-C7, (Δ) n-C8, (○) n-C9, (+) n-C10 at 298.15 K and 0.1 
MPa 
 
Figure 8 Comparison between experimental viscosity of 
Aminabhavi et al. (1996) (points) and calculated viscosity 
using VW method (lines) for mixtures of c-C6 with (□/--)n-
C6, (◊/--)n-C7, (Δ/--)n-C8, (○/--)n-C9, (+/--/…)n-C10 at 298.15 
K and 0.1 MPa 
 
Figure 9 Deviations [   (
     
    
  )] of viscosity calculated 
using VW method from experimental viscosity of Tanaka et 
al. (1991) for mixtures of c-C6 with (□)n-C8, (◊) n-C12, (Δ) n-
C16 and of Awwad and Salman (1986) for mixture of c-C6  
with (○) n-C14 at 298.15 K and 0.1 MPa 
 
Figure 10 Comparison between experimental viscosity of 
Tanaka et al. (1991) (points) and calculated viscosity using 
VW method (lines) for mixtures of c-C6 with (□/--)n-C8, 
(◊/--)n-C12, (Δ/--)n-C16 and of Awwad and Salman (1986) 
for mixture of c-C6  with (○/--) n-C14 at 298.15 K and 0.1 
MPa 
 
Effect of Pressure on viscosity predictions  
High pressure data from Tanaka et al. (1991) and Isdale et al. (1979) were used to assess the validity of the VW method at 
high pressures. Since there were only limited data at high pressures, the validity of these conclusions could not be confirmed 
for all mixtures. Also, although Isdale et al. (1979) had reported an uncertainty of 1%, it could be seen in Figure 11 that it does 
not seem quite the case at high pressure where the viscosities show scatter of more than 1%. Such discrepancies further 
complicated the assessment of how the predictions are affected by increase in pressure.  
The reported uncertainties in the pure n-alkane correlations are already presented in Table 1. Viscosities predicted using 
VW method at high pressures exhibited similar deviations as those exhibited by predictions at 0.1 MPa (Figure 11 and Figure 
12). This shows that although the deviations depend on the composition of the mixture, they do not depend on the pressure. 
VW method seems insensitive to pressure up to 100 MPa. 
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Effect of Temperature on viscosity predictions  
Data from Tanaka et al. (1991) were the only data that extended the full temperature range of our study. The effect of 
increasing temperature on the accuracy of the VW method was therefore studied using these data. Viscosities predicted using 
VW method at higher temperatures exhibited similar deviations as those exhibited by predictions at 298.15 K (Figure 13 and 
Figure 14). This shows that although the deviations depend on the composition of the mixture, like pressure they do not 
depend on temperature. Keeping in mind that Tanaka et al. (1991) had claimed an experimental accuracy of 2%, the 
predictions at higher temperature were within the range of deviations observed at 298.15 K. Within the temperature range of 
our study, the VW method seems to capture the temperature dependence of mixture viscosity accurately. 
 
 
Figure 11 Comparison between experimental viscosity of 
Isdale et al. (1979) (points) and calculated viscosity using 
VW method (lines) for mixtures of c-C6 with n-C6 at 348.15 
K and (●/--) 0.1 MPa, (▲/--) 50 MPa, (■/--) 100 MPa. Error 
bars at xc-C6 = 0 and 1 extend the percentage uncertainty in 
the respective correlation and for other compositions error 
bars extend the percentage deviations observed at 0.1 MPa. 
 
Figure 12 Comparison between experimental viscosity of 
Tanaka et al. (1991) (points) and calculated viscosity using 
VW method (lines) for mixtures of c-C6 with n-C12 at 348.15 
K and (■/--) 0.1 MPa, (●/--) 100 MPa. Error bars at xc-C6 = 0 
and 1 extend the percentage uncertainty in the respective 
correlation and for other compositions error bars extend 
the percentage deviations observed at 0.1 MPa. 
 
Figure 13 Comparison between experimental viscosity of 
Tanaka et al. (1991) (points) and calculated viscosity using 
VW method (lines) for mixtures of c-C6 with n-C8 at 0.1 
MPa and (■/--) 298.15 K, (●/--) 323.15 K, (▲/--) 348.15 K. 
Error bars at xc-C6 = 0 and 1 extend the percentage 
uncertainty in the respective correlation and for other 
compositions error bars extend the percentage deviations 
observed at 298.15 K 
 
Figure 14 Comparison between experimental viscosity of 
Tanaka et al. (1991) (points) and calculated viscosity using 
VW method (lines) for mixtures of c-C6 with n-C12 at 0.1 
MPa and (■/--) 298.15 K, (●/--) 323.15 K, (▲/--) 348.15 K. 
Error bars at xc-C6 = 0 and 1 extend the percentage 
uncertainty in the respective correlation and for other 
compositions error bars extend the percentage deviations 
observed at 298.15 K. 
 
Effect of mixing rule for χij  
Although all the study was carried out using mixing rule 5, the effect of using different mixing rules presented by de Wijn 
et al. (2012) was explored. Results are presented in Figure 15 to Figure 17. It was observed by de Wijn et al. (2012) that while 
there were differences between the predictions of different sets of mixing rules, the general trend was to shift the deviations, 
but not affect the density trends observed. The same was observed in our study for mixtures of c-C6 with n-C6, n-C8, n-C10, n-
12  Modeling of n-alkane-cyclohexane binary mixture viscosity 
 
C12 and n-C16. Predictions from mixing rules 1-3 were consistently higher than those from mixing rules 4-5, but the trend in 
density was similar.  
The effect of chain length on the predictions discussed earlier complicates things at this point. For mixtures of c-C6 with n-
C8, n-C9, n-C10 and n-C12 where predictions were underestimated, mixing rules 1-3 exhibit lower deviations while for mixtures 
with n-C14 and n-C16, where viscosities are mostly overestimated, mixing rules 4-5 exhibit lower deviations. Another 
observation by de Wijn et al. (2012) was that the difference in predictions between mixing rules 1-3 and 4-5 decreased with 
decreasing asymmetry of the mixture. Although the size of the c-C6 molecule is not the same as the size of a segment in the 
chain molecule, it was observed that as the difference in the number of carbon atoms in the 2 molecules increased, so did the 
difference in predictions between mixing rules 1-3 and 4-5. It cannot be verified at this point in our investigation whether the 
same will be true for mixtures with cyclic molecules of a different size. 
These observations show that the VW method is rather sensitive to the mixing rule used for χij especially as the asymmetry 
of the mixture increases and it is not possible at this point to recommend any one mixing rule for any mixture. Different 
mixing rules give different results for different mixtures and further testing is required to develop a theoretical connection 
between the mixture species and the mixing rule to be used. 
 
 
Figure 15: Deviations [   (
     
    
  )] between 
experimental viscosity and calculated viscosity using VW 
method for different mixing rules for chi for a mixture of 
c-C6 with n-C6 (□) Ansatz#5, (Δ) Ansatz#4, (◊) Ansatz#3, 
(x) Ansatz#2, (○) Ansatz#1 for 298.15-348.15 K and 0.1-
200 MPa. 
 
Figure 16 Deviations [   (
     
    
  )] between 
experimental viscosity of Aminabhavi et al. (1996) and 
calculated viscosity using VW method for different mixing 
rules for chi for a mixture of c-C6 with n-C10 (□) Ansatz#5, 
(Δ) Ansatz#4, (◊) Ansatz#3, (x) Ansatz#2, (○) Ansatz#1 for 
298.15-308.15 K and 0.1 MPa. 
 
Figure 17 Deviations [   (
     
    
  )] between 
experimental viscosity of Tanaka et al. (1991) and 
calculated viscosity using VW method for different mixing 
rules for chi for a mixture of c-C6 with n-C16 (□) Ansatz#5, 
(Δ) Ansatz#4, (◊) Ansatz#3, (x) Ansatz#2, (○) Ansatz#1 for 
298.15-348.15 K and 0.1-180 MPa. 
 
Figure 18 Sensitivity of predicted viscosity value from the 
VW method to the value of density used for mixtures of c-
C6 with (Δ) n-C6, (□) n-C7, (◊) n-C8, (+) n-C9, (●) n-C10, (●) 
n-C12. 
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Sensitivity of predictions to density 
In order to assess the sensitivity of the mixing rule to the density, density values were computed for the given temperature, 
pressure and mixture composition using REFPROP for the data that had measured density. Viscosities for the mixtures were 
then calculated using these new values of density. The difference in the values of densities and viscosities was used to gauge 
the sensitivity of the prediction from the mixing rules to the value of mixture density.  
It was observed that the viscosity predictions were rather sensitive to the value of density especially as the difference 
between the sizes of the molecules increased (Figure 18). A maximum difference of 0.8% was observed between the reported 
density values and the values calculated using REFPROP for mixtures of c-C6 with n-C8, n-C9 and n-C10. This small difference 
however, resulted in viscosity predictions that were up to 6% off from the ones calculated using reported experimental 
densities. The sensitivity seemed to increase drastically for the mixture of c-C6 with n-C12, where the maximum difference in 
densities was 1% and the predictions deviated by up to 23%. 
This shows that accurate values of density are imperative to the VW model especially for mixtures with large asymmetry. 
Uncertainties as small as 0.5% in the value of mixture density can introduce errors of up to 10% in the predicted value of 
viscosity for asymmetric mixtures. As the asymmetry increases, the error is likely to increase.  
 
Conclusion and Recommendations 
A correlation for the dynamic viscosity of c-C6 was developed, improving upon the work of Jusoh (2012). The development of 
the correlation followed closely around the interpolation of the correlation in the 2-phase region and efforts were made to 
ensure that the correlation interpolates smoothly in the range of validity, in regions where no experimental data were available. 
The range of application of this correlation extends from 280K to 700 K up to 200 MPa. The critical enhancement of viscosity 
could not be correlated in this development due to lack of experimental data. The correlation was tested against 22 primary 
authors and the predictions have an uncertainty of 2.40% for 280-500 K up to 200 MPa and 4.6% for 500-673 K up to 110 
MPa. 
The application of the VW method to binary mixtures of c-C6 with n-C6, n-C7, n-C8, n-C9, n-C10, n-C12, n-C14 and n-C16 
was studied. The choice of reference state to estimate pure species parameters was explored. The study compared predictions 
of mixture viscosity from the VW method for these binary mixtures with the experimental data available. In addition, the 
effects of differing chain lengths, varying temperature and pressure, varying mixing rules for mixture interaction parameters 
and the sensitivity of these predictions to mixture density were assessed. The VW method seems to predict mixture viscosities 
within 8% of the experimental values for mixtures up to n-C14 for temperatures up to 348.15 K and pressures up to 100 MPa. 
For n-C16, the predictions were within 12% of the experimental values. The following conclusions can be drawn from the 
results of the assessment: 
1. Unlike for mixtures of chain molecules, for a binary mixture of c-C6 with n-alkanes, pure species parameters should be 
estimated at the mass density of the mixture; 
2. The predictions from the VW method for a mixture of c-C6 with n-alkanes depend on the mixture composition; 
3. Within 298.15-348.15 K and 0.1–100 MPa, the predictions from the VW method are not affected by temperature 
and/or pressure. These dependencies of viscosity are accurately captured by the current VW method in this range; 
4. Using mixing rule 5, the VW method underestimates the mixture viscosity for mixtures up to n-C14 and overestimates 
for n-C16. Where mixing rule 5 predominantly underestimates the mixture viscosity, mixing rules 1-3 can improve the 
accuracy of predictions as they predict higher viscosities compared to mixing rules 4-5. However, there is no 
theoretical explanation for these deviations yet and it is not possible to recommend one mixing rule or a criteria for 
mixing rule selection for any mixture. Since the study was limited to c-C6, it is uncertain how the predictions would 
behave for other cyclic molecules. 
5. The predictions from VW method are very sensitive to density. Small errors in density measurements can induce 
unacceptably large errors in predicted values of viscosity as the asymmetry of the mixture increases. 
Subject to availability of experimental data, the study should be extended to mixtures of n-alkanes with other cyclic 
molecules to ascertain that the trends observed with these mixtures extend to mixtures with bigger or smaller cyclic molecules 
as well, or if some new trends appear. There appears to be room for improvement in the VW method to reduce the trends in 
deviations with respect to mixture compositions and the dependency of predictions on chain length.  
 
Nomenclature 
A*ij Ratio of collision integrals of species i and j 
αi/  ̃ Measure of excluded volume of species i in the presence of species i (m
3
/mol) 
αij/   ̃ Measure of excluded volume of species i in the presence of species j (m
3
/mol) 
c-C6  Cyclohexane 
CSS Cyclic Steam Stimulation 
Δη Excess Viscosity (μPa.s) 
Δηh High density contribution to viscosity (μPa.s) 
EOR Enhanced Oil Recovery 
η0 Viscosity in the limit of zero density (μPa.s) 
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η0,ij/ ̃     Mixture interaction Viscosity in the limit of zero density 
η1 Initial density dependence of viscosity (μPa.s.L/mol) 
η Dynamic Viscosity (μPa.s) 
η0 
calc Calculated Viscosity in the limit of zero density(μPa.s) 
η0 
exp Experimental Viscosity in the limit of zero density as reported by Vogel et al. (1988) (μPa.s) 
ηcalc Calculated Viscosity (μPa.s) 
ηexp Experimental Viscosity reported by author(μPa.s) 
η* Switch over viscosity (μPa.s) 
 ̃  Segment mass of species i (g/mol) 
MAD Maxiumum Absolute Deviation (%) 
NA Avogadro’s number (6.023 x 10
23
) 
n-C6 n-Hexane 
n-C7 n-Heptane 
n-C8 n-Octane 
n-C9 n-Nonane 
n-C10 n-Decane 
n-C12 n-Dodecane 
n-C14 n-Tetradecane 
n-C16 n-Hexadecane 
P/Press. Pressure 
ρ/ ̃ Molar Density (mol/L) 
ρc Critical Density (mol/L) 
ρr Reduced Density 
ρ* Switch over density (mol/L) 
SAGD Steam Assisten Gravity Drainage 
T/Temp. Temperature (K) 
Tc Critical Temperature (K) 
Tr Reduced Temperature 
VAPEX Vapor Extraction 
Vexcl Excluded Volume 
VW method Vesovic-Wakeham method 
χi/  ̃/ χii/   ̃ Radial Distribution Function at contact of species i in the presence of species i  
χij/   ̃ Radial Distribution Function at contact of species i in the presence of species j 
χ0,ij/     ̃  Radial Distribution Function at contact of species i in the presence of species j in the limit of zero 
density 
 ̃      Radial Distribution Function using the Carnahan and Starling treatment of hard sphere system 
xi/  ̃ Mole Fraction of species i 
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Appendices 
 
Appendix A: Critical Literature Review 
 
Table A- 1 Milestones in dense mixtures viscosity predictions 
Reference Year Title Author Contribution 
Swedish Academy 
Proceedings (Svensk. 
Akad. Handl.) 63, No. 
4 
1922 Kinetic Theory of 
thermal conduction, 
viscosity and self-
diffusion in certain 
dense gases and 
liquids 
K. Enskog Proposed an approximation of the 
kinetic theory for rigid sphere dense 
gases.  
The Mathematical 
Theory of Non-
Uniform Gases, 
Chapter 16, Section 9 
1952 Chapter 16: Dense 
Gases 
Section 9: Extension 
to mixed dense gases 
H. H. Thorne Extended Enskog’s rigid sphere 
theory to binary mixtures of dense 
gases. 
J. Chem. Phys. Vol. 
55, No. 1, pp. 268-
279 
1971 Kinetic Theory of 
Multicomponent 
Dense Fluid Mixtures 
of Rigid Spheres 
M. K. Tham 
K. E. Gubbins 
Extended Enskog’s dense, rigid 
sphere theory to multicomponent 
mixtures of dense gases.  
Physica 86A, pp. 205-
223 
1977 Composition 
dependence of the 
viscosity of dense gas 
mixtures 
R. Di Pippo 
J. R. Dorfman 
J. Kestin 
H. E. Khalifa 
E. A. Mason 
Used transport property data instead 
of thermodynamic data to calculate 
molecular size parameters. 
Physica 95A, pp. 602-
608 
1979 On the viscosity and 
thermal conductivity 
of dense gases 
S. I. Sandler 
J. K. Fiszdon 
Introduced the concept of a switch 
over point to obtain 
thermodynamically consistent values 
of the radial distribution function for 
pure species over the entire range of 
densities.  
Int. J. Thermophys., 
Vol. 10, No. 1, pp. 
125-132 
1989 The Prediction of the 
Viscosity of dense 
gas mixtures 
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Swedish Academy Proceedings (Svensk. Akad. Handl.) 63 (4) (1922) 
 
“Kinetic Theory of thermal conduction, viscosity and self-diffusion in certain dense gases and liquids” 
 
Authors: Enskog, D. 
 
Contribution to the prediction of viscosity of dense mixtures: 
Proposed an approximation of the kinetic theory for rigid sphere dense gases 
 
Objective: 
Extend the kinetic theory to dense gases 
 
Methodology Used: 
The Boltzmann equation for a dilute gas of rigid spheres was generalized to the case of dense gases. 
While considering binary collision dynamics, the difference in position of the colliding hard spheres and 
the increase in the frequency of collisions were accounted for by a factor χ. χ was defined in a way that it 
was analogous to the radial distribution function at contact of a fluid in thermal equilibrium. 
 
Conclusion: 
Boltzmann Equation for a rigid sphere dilute gas can be extended to predict viscosity of the rigid sphere 
dense gas with this approach. 
 
Comment: 
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The Mathematical Theory of Non-Uniform Gases, Chapter 16, Section 9 
 
“Dense Gases: Extension to mixed dense gases” 
 
Authors: Thorne, H. H. 
 
Contribution to the prediction of viscosity of dense mixtures: 
Extended Enskog’s dense, rigid sphere theory to binary mixtures of dense gases 
 
Objective: 
Extension of Enskog’s theory to binary mixtures 
 
Methodology Used: 
The paper used Enskog’s kinetic theory approximation to derive an expression for the viscosity of binary 
mixtures of dense rigid sphere gases 
 
Conclusion: 
Kinetic theory can be extended to predict the viscosity of a binary mixture of dense gases. 
 
Comment: 
Thorne had proposed the scheme much earlier, but his calculations were never published. The results 
have been reported in this reference. 
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J. Chem. Phys. 55 (1) (1971) 268-279 
 
“Kinetic Theory of Multicomponent Dense Fluid Mixtures of Rigid Spheres” 
 
Authors: Tham, M. K. and Gubbins, K. E. 
 
Contribution to the prediction of viscosity of dense mixtures: 
Extended Enskog’s dense, rigid sphere theory to multicomponent mixtures of dense gases 
 
Objective: 
Extension of Enskog’s theory to the general multicomponent case 
 
Methodology Used: 
The paper used Enskog’s kinetic theory approximation to derive an expression for the viscosity of a 
multicomponent mixture 
 
Conclusion: 
Kinetic theory can be extended to predict the viscosity of a multicomponent mixture. 
 
Comment: 
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Physica 86A (1977) 205-223 
 
“Composition dependence of the viscosity of dense gas mixtures” 
 
Authors: Di Pippo, R., Dorfman, J. R., Kestin, J., Khalifa, H. E. and Mason, E. A. 
 
Contribution to the prediction of viscosity of dense mixtures: 
Used transport property data instead of thermodynamic data to calculate molecular size parameters 
 
Objective: 
Computation of the composition dependence of dense gas mixtures 
 
Methodology Used: 
The paper used Enskog’s hard sphere theory for dense gases and dense gas mixture representations 
proposed by Thorne and Tham & Gubbins. The effective molecular size parameters (χ to be more 
specific) were calculated from transport property data however to improve viscosity predictions. 
 
Conclusion: 
Using transport property data to calculate effective molecular size improves the predictions for dense gas 
mixtures. 
 
Comment: 
This approach did have some problems, especially with the behavior of χ in high density regions. The 
solution to these deficiencies was provided in the next reference: Physica 95A (1979) 602-608 
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Physica 95A (1979) 602-608 
 
“On the Viscosity and Thermal Conductivity of Dense Gases” 
 
Authors: Sandler, S. I. and Fiszdon, J. K. 
 
Contribution to the prediction of viscosity of dense mixtures: 
Introduced the concept of a switch over point to obtain thermodynamically consistent values of the radial 
distribution function for pure species over the entire range of densities 
 
Objective: 
Extracting information on χ from measured transport property data in a way so as to avoid unphysical 
behavior as observed earlier 
 
Methodology Used: 
The paper used experimental data to obtain effective size parameter for molecules instead of 
thermodynamic data. With this approach, define a switch over point where solution of the inverted 
Enskog’s equation for density dependence of viscosity is switched from the negative to the positive root  
 
Conclusion: 
By the use of a switch over point, a physically consistent behavior of the radial distribution function 
could be obtained. 
 
Comment: 
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Int. J. Thermophys. 10 (1) (1989) 125-132 
 
“The Prediction of the Viscosity of dense gas mixtures” 
 
Authors: Vesovic, V. and Wakeham, W. A. 
 
Contribution to the prediction of viscosity of dense mixtures: 
Extended the concept of switch over density to obtain pure species parameters and presents an improved 
and consistent model for mixture viscosity prediction (VW spheres).  
 
Objective: 
Development of a self-consistent scheme for the prediction of dense gas mixture viscosity 
 
Methodology Used: 
Transport data was used to estimate pure species parameters. The concept of switch over point was used 
to obtain a physically reasonable pseudo radial distribution function. A mixing rule based on the 
Lebowitz’s solution of the Persuc-Yevick equation (LPY equation) was employed for the calculation of 
χij.  
 
Conclusion: 
The use of a switch over point to obtain the pseudo radial distribution function allows this scheme to be 
used to very high densities, which was not possible before. The scheme was tested for a CO2-CH4 
mixture and air and proved capable of predicting mixture viscosities within a few percent.  
 
Comment: 
Further testing of the scheme on different mixtures was presented in a subsequent paper; Chem. Eng. Sci. 
44 (10) (1989) 2181-2189. 
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Mol. Phys. 101 (3) (2003) 339-352 
 
“Prediction of the Viscosity of dense fluid mixtures” 
 
Authors: Royal, D. D., Vesovic, V., Trusler, J. P. M. and Wakeham, W. A. 
 
Contribution to the prediction of viscosity of dense mixtures: 
Modified the mixing rules used in the VW spheres scheme to improve viscosity predictions for mixtures 
of polar molecules, asymmetric mixtures and refrigerants.  
 
Objective: 
To improve the VW sphere model for dense fluid mixtures to extend its range of application and improve 
its accuracy 
 
Methodology Used: 
The exact form of Lebowitz’s solution of the Percus-Yevick equation (the LPY equation) and the exact 
form of the Carnahan-Starling (CS) equation were used when developing the mixing rule for the pseudo-
contact value of the radial distribution functions in the mixture, rather than the truncated version of the 
LPY equation employed in the original VW formulation.  
The effective molecular diameters and pseudo-mean free path shortening parameters in the mixture were 
made different from the values for the pure components through the use of a new mixing rule. 
 
Conclusion: 
1. Even though the Carnahan-Starling equation is in better agreement with rigid sphere simulation 
results than the LPY equation, especially at high reduced density, most systems exhibited similar 
results for the 2 equations. 
2. With the new mixing rule, the predictive capability of the VW method for highly polar systems 
and refrigerant mixtures was improved. 
 
Comment: 
Only one refrigerant mixture was explored in this paper. A more extensive study on the application of 
this new scheme to predict refrigerant mixture properties was done in a subsequent paper; Int. J. Ref. 28 
(2005) 311-319. 
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J. Chem. Phys. 128 (2008) 204901 
 
“A Kinetic Theory description of the Viscosity of dense fluids consisting of chain molecules” 
 
Authors: De Wijn, A. S., Vesovic, V., Jackson, G. and Trusler, P. M. 
 
Contribution to the prediction of viscosity of dense mixtures: 
Extended the modified Enskog theory to represent long molecules as chains of rigid spheres 
 
Objective: 
To present a theoretical model for viscosity of chain molecules 
 
Methodology Used: 
Molecules were modeled as tangentially bonded chains of equally-sized rigid spheres (segments). The 
expression for viscosity based on Enskog’s theory was modified to define excluded volume, density, 
viscosity in the limit of zero density and radial distribution function for segments rather than the 
molecule. The excluded volume was defined in terms of 2 parameters; the size of the segment and the 
number of segments in a chain. The segment size is set equal to the size of the methane molecule at that 
temperature.  
 
Conclusion: 
1. The new model provides improved capability for the analysis of viscosity.  
2. The derived expression can be used in the same manner as proposed by Vesovic and Wakeham 
(1989) to obtain a single, temperature-dependent effective size parameter from an analysis of 
viscosity as a function of density for a given isotherm. 
3. The chain length becomes independent of temperature by incorporating the effect of temperature 
in to the size of the segment. 
 
Comment: 
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J. Chem. Phys. 136 (2012) 074514 
 
“Viscosity of liquid mixtures: the VW method for chain molecules” 
 
Authors: De Wijn, A. S., Riesco, N., Jackson, G., Trusler, P. M. and Vesovic, V. 
 
Contribution to the prediction of viscosity of dense mixtures: 
Extended the concept presented by de Wijn et al. (2008) to model viscosity of liquid mixtures consisting 
of chain-like molecules (VW-chains). 
 
Objective: 
1. To present an expression for the viscosity of a chain-fluid mixture. 
2. To evaluate different effective parameters of a chain-fluid mixture using the scheme proposed by 
de Wijn et al. (2008) 
3. Illustrate the predictive capability of the VW chain model. 
 
Methodology Used: 
The paper extended the mixing rules for mixture interaction parameters proposed in the original VW 
method to segment fluid. It also explored the choice of different reference states to estimate pure species 
properties.  
 
Conclusion: 
1. In order to reproduce experimental viscosity, different effective sizes of molecules should be used 
for the excluded volume (σα) and collision dynamics (σχ). 
2. Pure species properties should be estimated as the same reduced density as the mixture. 
 
Comment: 
 
 
 
 
 
 
Modeling of n-alkane-cyclohexane binary mixture viscosity  27 
 
Appendix B: Miscellaneous results for Empirical Correlation for Cyclohexane 
 
Table B- 1 Primary dataset for c-C6 correlation 
References Method 
(a)
 Temp. 
 
Press. Phase
 (b)
 No. of 
  (K) (MPa)  points 
Biswas and Singha (2007)  C 298.15 0.1 L 1 
de Lorenzi et al. (1994)  C 298.15 0.1 L 1 
Dubey and Kumar (2010)  C 298.15 0.1 L 1 
Dymond and Young (1981)  C 283.15-393.20 Saturation Pressure L 8 
Fang et al. (2008)  C 288.15-308.15 0.1 L 5 
Gardas and Oswal (2008)  C 303.15 0.1 L 1 
Gascon et al. (2000)  C 298.15-313.15 0.1 L 2 
George and Sastry (2003) C 298.15-308.15 0.1 L 2 
Ghael et al. (2009)  C 303.15 0.1 L 1 
Grachev et al. (1989) C 279.85-673.15 0.10-60.00 L,G 231 
Iloukhani and Rezaei-Sameti (2005)  C 298.15 0.1 L 1 
Isdale et al. (1979) FB 298.15-348.15 0.10-100.00 
(c)
 L 15 
Kashiwagi and Makita (1982)  TVC 298.15-348.15 0.10-110.42 L 51 
Knapstad et al. (1991) O 288.69-333.85 0.1 L 13 
Matsuo and Makita (1993)  C 298.15-313.5 0.10-47.85 L 18 
Oswal et al. (2004) C 303.15-313.15 0.1 L 2 
Padua et al. (1996) VW 298.15-348.14 0.10-38.00 L 25 
Roy et al. (2009)  C 298.15 0.1 L 1 
Silva et al. (2009)  R 283.15-323.15 0.1 L 5 
Tanaka et al. (1991)  TVC 298.15 – 348.15 0.10-100.00 L 26 
Vogel et al. (1988)  OD 298.70-632.20 - G 97 
Yang et al. (2007)  C 303.15-333.15 0.1 L 4 
(a)
 OD: Oscillating disk, U: Unkown, C:Capillary, R: Rotational, VW: Vibrating-wire, TVC: Torsionally Vibrating Crystal, O: Oscillation, FB: Falling 
body 
(b)
 L: Liquid, G: Gas  
(c)
 some points at saturation pressure  
 
 
Figure B-1 shows how viscosity predictions from the correlation behave for several isotherms from zero density to 200 MPa. 
The correlation interpolates smoothly through the 2-phase region and extrapolates well to 700 K and densities corresponding 
to 200 MPa. This shows that the correlation behaves consistently in its range of validity. Figure B-2 shows how the radial 
distribution function, obtained using Eq. (16)-(17) behaves in the same range of temperature and pressure. Although slight 
oscillations can be observed in the radial distribution function in the 2-phase region for low temperatures, the amplitude of 
these oscillations is less than the accuracy of the VW method and for practical use in the VW method, χ could be said to 
behave smoothly. 
Figure B-3 and Figure B-5 through Figure B-8 show the deviations observed for difference primary authors, divided on the 
basis of isotherms. The objective of these figures is to show that no trend in temperature in the deviations could be observed. 
These figures show that the correlation captures the temperature dependence of viscosity fairly accurately. The same 
conclusion could be reached by observing Figure B-4 where we see similar deviations on both sides of the origin and no trend 
could be observed with respect to temperature in deviations of experimental data at atmospheric pressure.  
Figure 3, Figure 4 and Figure B-3 through Figure B-8 also show random deviations with respect to density. No certain 
trend in density could be observed for the range of data shown. This shows that the correlation is also fairly accurately 
predicting the density dependence of viscosity.  
It can be concluded from these observations that the correlation does not only reproduce experimental viscosity accurately 
but also interpolates and extrapolates well to regions without any experimental data.  
28  Modeling of n-alkane-cyclohexane binary mixture viscosity 
 
 
Figure B-1 Predicted viscosity from Eq. (12) for several 
isotherms up to 200 MPa 
 
Figure B-2 Radial distribution function using Eq. (13) for 
viscosity predicted using Eq. (12) for several isotherms up to 200 
MPa 
 
Table B- 2 MAD for secondary dataset for c-C6  
Reference MAD   Reference MAD 
  (%)     (%) 
Ali et al. (2004) 1.60   Kuss (1955) 3.14 
Aminabhavi and Banerjee (1998) 10.75   Lowry and Nasini (1929) 1.90 
Aminabhavi and Gopalakrishna (1995) 4.77   Ma et al. (2004) 6.98 
Awwad and Abu-Daabes (2008) 3.12   Manjeshwar and Aminabhavi (1987) 5.78 
Awwad and Salman (1986) 0.73   Manjeshwar and Aminabhavi (1988) 16.04 
Belinskii and Khodzhaev (1965) 36.89   Nasini (1929) 3.35 
Berstad (1989) 4.97   Oswal amd Rao (1985) 2.43 
Blasco et al. (1995) 0.40   Oswal amd Rathnam (1984) 3.26 
Collings and Mclaughlin (1971) 6.70   Papaioannou et al. (1991) 1.56 
Craven and Lambert (1951) 1.17   Papanastasiou and Ziogas (1991) 0.97 
Durov and Artykov (1985) 1.48   Pradhan and Roy (2011) 7.74 
Exarchos et al. (1995) 9.95   Rajagopal et al. (2009) 13.23 
Friend and Hargreaves (1944) 3.64   Rathnam et al. (2010) 5.56 
Gascon et al. (1999) 3.37   Reddy et al. (2007) 4.89 
Gomez-Diaz et al. (2001) 3.06   Ridgway and Butler (1967) 4.17 
Gonzalez et al. (2005) 2.26   Rodriguez et al. (2003) 2.55 
Gonzalez et al. (2006) 2.26   Ruiz et al. (1989) 3.33 
Gonzalez et al. (2007) 2.25   Scholz and Kley (1981) 3.32 
Guseinov et al. (1973) 33.32   Shukla et al. (2008) 0.46 
Guzman et al. (1999) 1.99   Singh et al. (2005) 3.44 
Hamzehlouia and Asfour (2012) 0.63   Strumpf et al. (1974) 1.38 
Haro et al. (2004) 1.85   Timmermans & Martin (1926) 2.10 
Hernandez-Galvan et al. (2009) 14.01   Titani (1933) 2.29 
Ishihara et al. (1974) 1.97   Tripathi (2005) 0.51 
Jonas et al. (1980) 14.31   Vargaftik (1972) 3.17 
Joshi et al. (1990) 3.21   Yadava and Yadav (2010) 2.42 
Katti et al. (1966) 1.83  Zhdanov and Lyusternik (1972) 3.73 
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Figure B-3 Deviations [   (
     
    
  )] of η calculated 
using Eq. (12) from reported data of Grachev et al. (1989) 
 
Figure B-4 Deviations [   (
     
    
  )] of η calculated 
using Eq. (12) from reported data of primary authors at 
0.1 MPa 
 
 
Figure B-5 Deviations [   (
     
    
  )] of η calculated 
using Eq. (12) from reported data of Kashiwagi and Makita 
(1982) 
 
Figure B-6 Deviations [   (
     
    
  )] of η calculated 
using Eq. (12) from reported data of Matsuo and Makita 
(1993) 
 
Figure B-7 Deviations [   (
     
    
  )] of η calculated 
using Eq. (12) from reported data of Tanaka et al. (1991) 
 
Figure B-8 Deviations [   (
     
    
  )] of η calculated 
using Eq. (12) from reported data of Padua et al. (1996) 
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Figure B-9 Deviations [   (
     
    
  )] of η calculated 
using REFPROP from selected primary data 
 
Figure B-10 Deviations [   (
     
    
  )] of η calculated 
using Eq. (12) from selected primary data 
 
Figure B- 11 Deviations [   (
     
    
  )] of η calculated 
using REFPROP from selected primary data for different 
isotherms 
 
Figure B-12 Deviations [   (
     
    
  )] of η calculated 
using Eq. (12) from selected primary data for different 
isotherms 
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Appendix C: Miscellaneous results for VW method for mixtures 
 
 
 
c-hexane + n-hexane 
 
 
Figure C-1 Comparison of experimental and calculated η 
for a mixture of c-C6 + n-C6 at 298.15 K and 0.1 MPa 
 
Figure C-2 Experimental ρ reported for a mixture of c-C6 + 
n-C6 at 298.15 K and 0.1 MPa 
Figure C-1 shows that although all three authors agree with each other in viscosities for pure species, the reported values at 
mixture compositions are not within experimental uncertainty for Wei and Rowley (1984). Wei and Rowley (1981) also 
reported density values that were different from those reported by the other 2 authors (Figure C-2). For that reason, the 
predictions from the VW method for data from Wei and Rowley (1984) do not exhibit large deviations and exhibit similar 
trend in deviations as those from Aminabhavi et al. (1996) and Isdale et al. (1979). Figure C-1 also demonstrates the 
importance of the value of density used to predict viscosities.  
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c-hexane + n-heptane 
 
 
Figure C-3 Comparison of experimental and calculated η 
for a mixture of c-C6 + n-C7 at 303.15 K and 0.1 MPa 
 
Figure C-4 Experimental ρ reported for a mixture of c-C6 
+ n-C7 at 303.15 K and 0.1 MPa 
 
Figure C-5 Comparison of experimental and calculated η 
for a mixture of c-C6 + n-C7 at 308.15 K and 0.1 MPa 
 
Figure C- 6 Experimental ρ reported for a mixture of c-C6 
+ n-C7 at 308.15 K and 0.1 MPa 
 
Figure C-3 shows that the 2 authors disagree with each other in viscosities for pure species as well as for mixtures. As in the 
case for the mixture with n-C6, the reported density values are also not in agreement (Figure C-4). Using the respective density 
values, the viscosities from the 2 authors were predicted accurately. This again demonstrates the importance of accurate value 
of density used to predict viscosities.  
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c-hexane + n-octane 
 
 
Figure C-7 Comparison of experimental and calculated η 
for a mixture of c-C6 + n-C8 at 298.15 K and 0.1 MPa 
 
Figure C-8 Experimental ρ reported for a mixture of c-C6 
+ n-C8 at 298.15 K and 0.1 MPa 
 
Figure C-9 Comparison of experimental and calculated η 
for a mixture of c-C6 + n-C8 at 308.15 K and 0.1 MPa 
 
Figure C-10 Experimental ρ reported for a mixture of c-C6 
+ n-C8 at 308.15 K and 0.1 MPa 
 
Figure C-11 Deviations [   (
     
    
  )] between 
experimental viscosity and calculated viscosity using VW 
method for different mixing rules for chi for a mixture of c-
C6 with n-C8 for 298.15-348.15 K and 0.1-163 MPa. 
 
Figure C-11 shows that mixing rule 5 underestimates the mixture viscosity and using mixing rules 1-3 result in smaller 
deviations. Data reported from different authors is consistent with each other for this mixture as shown in Figure C-7 to Figure 
C-10. 
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c-hexane + n-dodecane 
 
 
Figure C-12 Deviations [   (
     
    
  )] between 
experimental viscosity and calculated viscosity using VW 
method for different mixing rules for chi for a mixture of c-
C6 with n-C12 for 298.15-348.15 K and 0.1-200 MPa. 
 
 
Figure C-12 shows that mixing rules 4-5 predict lower values of viscosity than mixing rules 1-3. However, the increase in 
values of predicted viscosity are in errors similar to the ones using mixing rules 4-5, only on different sides of the experimental 
viscosities. In such cases, it becomes hard to judge which mixing rule is better as all 5 exhibit similar magnitudes of deviations 
and only the sign of the deviations is changed.  
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c-hexane + n-hexadecane 
 
 
Figure C-13 Comparison of experimental and calculated η 
for a mixture of c-C6 + n-C16 at 298.15 K and 0.1 MPa 
 
Figure C-14 Experimental ρ reported for a mixture of c-C6 
+ n-C16 at 298.15 K and 0.1 MPa 
Figure C-13 shows that the 2 authors report viscosities that are consistent with each other. Chevalier et al. (1990) have one 
point that seems like an outlier. Figure C-14 shows that the density values remain consistent with each other throughout the 
range of compositions. The only explanation for the outlier in viscosity could be either an error in measurement or a typo in 
the paper. Either way, the point could be considered an outlier and be removed from analysis.  
